Rhabdomyosarcoma, one of the most common childhood sarcomas, is comprised of two main subtypes, embryonal and alveolar (ARMS). ARMS, the more aggressive subtype, is primarily characterized by the t(2;13)(p35;p14) chromosomal translocation, which fuses two transcription factors, PAX3 and FOXO1 to generate the oncogenic fusion protein PAX3-FOXO1. Patients with PAX3-FOXO1-postitive tumors have a poor prognosis, in part due to the enhanced local invasive capacity of these cells, which leads to the increased metastatic potential for this tumor. Despite this knowledge, little is known about the role that the oncogenic fusion protein has in this increased invasive potential. In this report we use large-scale comparative transcriptomic analyses in physiologically relevant primary myoblasts to demonstrate that the presence of PAX3-FOXO1 is sufficient to alter the expression of 70 mRNA and 27 miRNA in a manner predicted to promote cellular invasion. In contrast the expression of PAX3 alters 60 mRNA and 23 miRNA in a manner predicted to inhibit invasion. We demonstrate that these alterations in mRNA and miRNA translate into changes in the invasive potential of primary myoblasts with PAX3-FOXO1 increasing invasion nearly 2-fold while PAX3 decreases invasion nearly 4-fold. Taken together, these results allow us to build off of previous reports and develop a more expansive molecular model by which the presence of PAX3-FOXO1 alters global gene regulatory networks to enhance the local invasiveness of cells. Further, the global nature of our observed changes highlights the fact that instead of focusing on a single-gene target, we must develop multi-faceted treatment regimens targeting multiple genes of a single oncogenic phenotype or multiple genes that target different oncogenic phenotypes for tumor progression.
INTRODUCTION

Rhabdomyosarcoma (RMS)
, which accounts for nearly half of childhood soft tissue sarcomas, is comprised of two main subtypes: embryonal rhabdomyosarcoma and alveolar (ARMS), each defined by its unique histology, clinical presentation and prognosis. 1 ARMS, the more aggressive subtype, is primarily defined by the t(2;13)(p35;p14) chromosomal translocation, 2 which generates the oncogenic fusion protein PAX3-FOXO1. 3, 4 PAX3-FOXO1 has altered molecular activities relative to wild-type PAX3, including being a more potent transcriptional activator, 5 being unresponsive to normal PAX3 co-regulators 6 and having greater post-translational stability upon the induction of myogenic differentiation. 7 These aberrant molecular activities are believed to contribute to altered gene regulation, including the activation of genes not normally regulated by PAX3 8 and increased expression of other genes relative to PAX3, 9, 10 which taken together is believed to contribute to ARMS tumor phenotypes. 11 Patients diagnosed with PAX3-FOXO1-positive ARMS have a 4-year survival rate of 8%. 12 This poor prognosis stems in part from these tumor cells having a higher incidence of localized invasion, 12 which may then lead to heightened aggressiveness and an increased propensity for metastasis. The presence of PAX3-FOXO1 is known to enhance the invasive potential of cells, 13 possibly through its ability to alter the expression of multifunctional genes that contribute, in part to invasion in other tumor types, including MET, 10 FGFR4, 14 IGF2 15 and IGFBP5. 15 Despite these circumstantial correlations, to date only a single report demonstrates that the PAX3-FOXO1 altered expression of a gene, the cannabinoid receptor 1, directly contributes to the invasive capacity in ARMS. 16 However, these results were derived from the expression of the oncogenic fusion protein in established tumor cell lines 13 or in primary myoblasts that genetically contained compensatory oncogenic mutations. 16 Further, these reports either did not examine altered gene expression 13 or focused their study on changes in the expression of a single gene. 16 While these reports are noteworthy and of importance, they provide little information to describe how the expression of PAX3-FOXO1 in the absence of any other compensatory mutations globally alters mRNA expression patterns to contribute to invasion. Further, to date no studies have directly examined how the presence of PAX3-FOXO1 affects microRNA (miRNA) expression and how these changes contribute to the invasive capacity of myoblasts.
In this study we utilized physiologically relevant wild-type primary myoblasts along with large-scale comparative transcriptomic analyses to examine how the expression of PAX3-FOXO1 or PAX3 alters global mRNA and miRNA expression profiles and how these changes contribute to the invasive potential of these cells. We report here that the expression of the oncogenic fusion protein is sufficient to alter the expression of 70 mRNA and 27 miRNA in such a way that would be expected to promote cellular invasion. In contrast, the expression of PAX3 elicits mRNA and miRNA expression changes that would be expected to inhibit cellular invasion. We found that these mRNA and miRNA changes translate into biological effects, with the expression of PAX3-FOXO1 enhancing and the expression of PAX3 inhibiting primary myoblast invasion. Taken together, these results provide a more expansive picture to describe the increased localized invasion seen with t(2;13)(q35;q14) positive ARMS tumors, and describes how the presence of PAX3-FOXO1 may contribute to higher levels of metastasis in these patients.
RESULTS AND DISCUSSION
To understand how PAX3-FOXO1 affects global mRNA and miRNA expression, we stably transduced passage-matched wild-type mouse primary myoblasts with the MSCV-IRES-puromycin retroviral vector (negative control), or the same retroviral vector expressing FLAG epitope-tagged PAX3 (FLAG-PAX3) or FLAG-PAX3-FOXO1, a tag previously shown to not affect Pax3 or Pax3-FOXO1 function. 6, 17 The puromycin selected cells were harvested from three independent transductions and pooled, resulting in a single mixed population for each individual construct, which removes the potential for variability that may occur from clonal effects. The level of PAX3-FOXO1 expression is equivalent to the level of expression of the fusion protein in ARMS tumor cell lines ( Figure 1 and Dietz et al. 18, 19 ) and is therefore directly relevant to the role of the oncogenic fusion protein in ARMS. This model allows us to use a physiologically relevant cell system in the absence of any complimentary transforming mutations to determine the specific effects of PAX3-FOXO1 on oncogenic phenotypes.
We performed mRNA and miRNA deep-sequencing analyses on total RNA isolated from three independent growths of stably transduced cells and utilized the resulting data to perform comparative transcriptomic analyses to understand how each protein alters expression profiles to exert their effects on the invasive capacity of cells. For both the mRNA and miRNA analyses the data used for subsequent studies were limited to (1) those genes or miRNA displaying statistically significant differences (P o 0.05, as determined by the Galaxy Cuffdiff program (mRNA) or miRNAKey (miRNA)), (2) transcripts whose expression was present in both data sets being analyzed to rule out potential artifactual differences resulting from depth of read and (3) transcripts or miRNA that exhibited at least 2-fold differences in expression either up or downregulated.
We found a total of 480 mRNA whose expression changed in a PAX3-FOXO1-dependent manner (276 downregulated and 204 upregulated) relative to the empty vector negative control (data Mouse primary myoblasts were isolated from 2-to 4-day-old C57/Bl6 mice as previously described. 53 Cells were grown as previously described 7, [17] [18] [19] 53 and were passage-matched to prevent possible differences due to passage conditions. Mouse primary myoblasts were stably transduced as previously described 6, 53 with the MSCV-IRES-puromycin empty vector, vector containing FLAG epitope-tagged Pax3 (FLAGPax3) or FLAG-PAX3-FOXO1. Three days post transduction, cells were selected using puromycin, as previously described. 19 The stably transduced cells were harvested and pooled from three independent transductions to create a single population that express each construct. (a) Total cell extracts made, as previously described. [17] [18] [19] 53 Equal amounts of total cell lysates (12 μg) were separated by 8% SDS-PAGE and analyzed by western blot analysis using antibodies specific for Pax3, 54 as previously described. 18, 19 (b,c) Total RNA was isolated from the stably transduced proliferating primary myoblasts (empty vector (white bars), PAX3 (gray bars) or PAX3-FOXO1 (black bars)) using the miRNeasy mini kit (Qiagen, Madison, WI, USA), allowing for the isolation of RNA o30 bp in length, according to the manufacturer's specifications. Equal amounts of total RNA (100 ng) were used for cDNA synthesis using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) for mRNA (b) or the Taqman miRNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) for miRNA. (c) The qRT-PCR was performed on the resulting cDNA using the CFX96 Touch Real-Time PCR Detection System (Bio-Rad) using commercially available primer/probe sets and the Applied Biosystems Universal Master Mix (Applied Biosystems), according to the manufacturer's specifications. All results were normalized for GAPDH (mRNA) or the U6 small nuclear RNA (miRNA) and reported as fold expression relative to the results obtained for cells stably transduced with the empty vector. In all cases, analyses were performed comparing each sample with the empty vector control (*P = 0.009, **P = 0.001, ***P = 0.0001).
not shown). We performed a PubMed search on each of the 480 mRNA, using the gene name and the search term 'invasion' to determine if they were experimentally proven to contribute to cellular invasion. We found that 70 of the 480 altered genes (14.5%) are involved in regulating the invasive capacity of cells ( [22] [23] [24] [25] ( Table 1 , a).
An initial examination of the distribution of mRNA whose levels are altered upon the expression of the fusion protein would suggest that PAX3-FOXO1 would primarily exert its invasive effect 13 by decreasing the expression of genes important for inhibiting invasion. However, it is interesting to note that although only 44% of the genes that promote invasion are upregulated, nearly half of these 19 upregulated genes (8/19-42%) are increased 46-fold, including the previously reported cannabinoid receptor 16 (cannabinoid receptor 1-6.92-fold), with the top four genes being upregulated 420-fold. Therefore, this data suggest that PAX3-FOXO1 exerts its effects on invasive capacity by not only decreasing the expression of a large number of inhibitory genes, but by simultaneously greatly increasing the expression of key genes that promote invasion, including genes that encode for proteins involved in cytoskeletal organization (CAP6-33.45-fold), cadherins (CDH6-23.23-fold), extracellular matrix metalloproteases (ADAMTS1-21.98-fold) and cell adhesion proteins (MSLN -20.93-fold).
A similar analysis found 399 mRNA change in a PAX3-dependent manner (276 downregulated and 123 upregulated) relative to the empty vector negative control (data not shown). A similar PubMed search revealed that 60 of the 399 genes (15%) are involved with regulating invasion (Table 1) . Thirty-eight of these genes have a demonstrated role in promoting invasion, with a majority of these genes (25/38; 66%) being downregulated. Further, 22 mRNA were demonstrated to inhibit invasion, with 6 of these genes being upregulated and 16 being downregulated. Finally, four of the differentially expressed genes were demonstrated in the literature to be directly regulated by PAX3, including Ahr, 26 IGF1R, 20 EPHA2 27 and MET 28 ( Table 1, b) . Although a smaller number of these inhibitory genes are upregulated, one of them is upregulated 415-fold (metallopeptidase Mme-15.17-fold). In contrast to the results seen with PAX3-FOXO1, these data suggest that PAX3 would be expected to inhibit invasive capacity, primarily through the downregulation of genes that promote this biological event.
A comparative transcriptomic analysis of the miRNA data identified a total of 84 miRNAs whose expression changed in a PAX3-FOXO1-dependent manner (46 downregulated and 38 upregulated) relative to the empty vector negative control (data not shown). A PubMed search of each of the individual 84 miRNA, using the miRNA name and the search term 'invasion', indicated that 10 of these miRNA promote cellular invasion (Table 2) . Of these miRNA, 9/10 (90%) have an increased PAX3-FOXO1-dependent expression with the top two being increased 420-fold. In a similar manner, 17 miRNA are important for inhibiting cellular invasion, of which 16/17 (94%) are In conjunction with the results of our PubMed search, which also described the target genes responsible for the invasive effect of the miRNA, we used miRTarBase 29 to identify known target genes whose biological function may contribute to an invasive phenotype, with validation on miRTarBase by at least two independent experimental methods. Interestingly, only a small number of the altered miRNA have the expected inverse correlation to our observed changes in mRNA expression (miR--222/miR-221 and TIMP2, and miR-362 and CD82).
A similar analysis determined a total of 58 miRNA whose expression changed upon the expression of PAX3 (25 downregulated and 33 upregulated) relative to the empty vector negative control (data not shown). Of these genes, a PubMed search determined that 7 are important for promoting while 16 inhibit cellular invasion. Of those miRNA, 5/7 (71%) that promote invasion are decreased whereas 10/16 (63%) that inhibit invasion are increased, with the top inhibitory miRNA being increased 415-fold. Finally, for both PAX3-FOXO1-and PAX3-dependent miRNA changes, the literature provides direct evidence for the genes they target in order to exert their effects on invasion ( Table 2) . As seen with PAX3-FOXO1 changes, only one of the PAX3-altered miRNA has the expected inverse correlation to mRNA expression (miR-206 and MET, Tables 1 and 2 ). Interestingly, three sets of miRNA are present as clusters in the mouse genome and have similar changes in expression. These include miRNA 222 and 221, which are upregulated to a similar extent by PAX3-FOXO1 while being downregulated to a similar extent by PAX3 (Table 2, a); miRNA 362 and 532, which are downregulated to a similar extent by PAX3-FOXO1 but are unaffected by PAX3 (Table 2, b) ; and miRNA 133b and 206, which are unaffected by Abbreviations: FGF, fibroblast growth factors; EGFR, epidermal growth factor receptor; IGF, insulin-like growth factor. Total RNA was isolated using the miRNeasy mini kit (Qiagen), allowing for the isolation of RNA o30 bp in length, according to the manufacturer's specifications. Poly-A+ mRNA was isolated from 4 μg total RNA, to generate the cDNA libraries, using the Illumina sample preparation kit according to the manufacturer's specifications (Illumina, San Diego, CA, USA). The cDNA libraries were provided a unique index identifier, allowing the clustering of several samples into a single sequencing lane, and deep-sequencing analyses were performed in triplicate from three independent cell growth, RNA isolation and cDNA library constructions. The raw data were groomed and trimmed for quality of the read using online Galaxy analysis (https://usegalaxy.org), resulting in 40-41 high-quality base pair reads for each sequence with between 4-6 million independent reads for each sample. The sequences were mapped to the mouse genome using Tophat analysis, transcripts were assembled using the Cufflinks program, and individual replicates were merged into a single file using Cuffmerge. The resulting transcript reads were normalized using Fragments Per Kilobase of transcript per Million mapped reads analysis, which normalizes each identified sequence for the length of the identified transcript and the volume of the total read yield from each run. Differential expression was determined from these normalized values comparing vector versus Pax3-FOXO1 (V vs PF) or vector versus Pax3 (V vs P3) using the Cuffdiff program, which not only compares differential expression of the merged files between sets but also utilizes the sequence results from the three independent determinations within each set to assign statistical significance to the differential expression.
a Indicates genes with similar trends in expression changes in human tumor samples. 22-25 b Indicates genes demonstrated in the literature to be direct targets of PAX3 or PAX3-FOXO1. 15,16,20,21 c Indicates genes with known PAX3-FOXO1 binding sites in their promoter. 20 Oncogene-induced expression changes in invasion JM Loupe et al Oncogene-induced expression changes in invasion JM Loupe et al PAX3-FOXO1 are upregulated to a similar extent by PAX3 (Table 2 , c).
To validate the observed changes, we performed a quantitative RT-PCR analysis on a subset of mRNA and miRNA. We tested IGF2, which was reported to promote cellular invasion in a variety of tumors, [30] [31] [32] [33] and CDK1, which has alternative roles in inhibiting cellular invasion in different tumor models. [34] [35] [36] [37] [38] We also examined two miRNA (miR-196a-5p and miR301a-3p), both demonstrated to promote cellular invasion. [39] [40] [41] [42] [43] [44] We observed quantitative and significant changes in expression for all of the mRNA and miRNA examined that are consistent with our mRNA deep-sequencing results (Figure 1) .
Our comparative transcriptomic results suggest that the mRNA and miRNA changes induced by the oncogenic fusion protein would be predicted to promote cellular invasion, whereas those changes that occur in a PAX3-dependent manner should inhibit the invasive capacity of cells. Therefore, we used a standard invasion assay to determine whether our observed mRNA and miRNA changes translate into experimental differences in the invasive potential of primary myoblasts. Consistent with our mRNA and miRNA changes, we observed a nearly 2-fold increase in primary myoblasts expressing PAX3-FOXO1, consistent with the previous reports, 16 whereas cells expressing PAX3 had a nearly 4-fold decrease in invasive potential (Figure 2) .
Taken together, our results build off of previous work, in which a single gene was examined, 16 and show that the sole expression of PAX3-FOXO1 in the absence of any complimentary genetic mutations is capable of globally altering mRNA and miRNA levels to promote the invasive capacity of primary myoblasts. Further, this is the first study to examine how the oncogenic fusion protein alters miRNA levels, which combined with our global mRNA results allow us to develop a more expansive picture of the underlying regulatory mechanisms by which the expression of PAX3-FOXO1 promotes invasion.
In this regulatory mechanism, the somatic and random acquisition of the chromosomal translocation creates the fusion Abbreviation: HSP, heat shock proteins. Total RNA was isolated using the miRNeasy mini kit (Qiagen), allowing for the isolation of RNA o 30 bp in length, according to the manufacturer's specifications. miRNA was isolated from 4 μg total RNA to generate the cDNA libraries, using the Illumina sample preparation kits according to the manufacturer's specifications. The cDNA libraries were provided a unique index identifier, allowing the clustering of several samples into a single sequencing lane, and deep-sequencing analyses were performed in triplicate from three independent cell growth, RNA isolation and cDNA library constructions. Raw fastq sequences were obtained from the Illumina Genome Analyzer II (Illumina, San Diego, CA, USA) using the 'Demultiplex' algorithm in the CASAVA 1.8.2 software (Illumina) that allows the identification of individual samples by 'index sequences' contained within the adapters and introduced during the adapter ligation and amplification of the samples. miRNAKey was used for data analysis at default settings. The pipeline clips the Illumina 3' adapter sequences from the reads, maps the clipped reads to miRBase and uses the Seq-EM algorithm to estimate the distribution of multiply mapped reads across the observed miRNAs. Sequences o16 bases after adaptor clipping were removed. The read counts obtained were then used for differential expression analysis comparing vector versus Pax3-FOXO1 (V vs PF) or vector versus Pax3 (V vs P3) between control and experimental samples using EBSeq from the R package with a false discovery rate of 5%. We used the default 'Median Normalization' in EBSeq to make the counts comparable across samples. Target genes for each miRNA were identified either as a result of the indicated PubMed search or using miRTarBase, 29 Oncogene-induced expression changes in invasion JM Loupe et al protein, which alters, either directly or indirectly, the expression of mRNA important for enhancing cellular invasion. PAX3-FOXO1 achieves this by both decreasing the expression of genes that inhibit invasion (80% of downregulated genes) while also greatly increasing the expression of nearly half of the altered genes that promote invasion (Table 1) . However, our results demonstrate that miRNAs, which post-transcriptionally 'fine tune' gene expression, also have a significant role, as nearly all of the increased miRNAs promote invasion and a majority of the decreased miRNAs inhibit invasion. Further, a closer inspection of the data reveals that although some of the miRNA changes have an inverse correlation to target genes present in our results, there are only three miRNA (miR-221, miR-222 and miR-362) that have such a correlation with their target genes (TIMP2 and CD82, respectively). Therefore, instead of post-transcriptionally contributing to our observed mRNA changes, the altered miRNA target a different set of genes important for invasive capacity, thereby greatly increasing the number of affected genes. The global nature of the mRNA and miRNA expression changes that result upon the sole expression of PAX3-FOXO1 provide a basis for how it may be necessary to rethink approaches to the development of therapies for ARMS. At present, many developmental ARMS therapies focus on attacking a single gene or pathway mechanistically located downstream of the fusion protein. However, given that the expression of PAX3-FOXO1 alters the expression of 70 different genes and 27 different miRNAs to affect the invasive potential of cells, it is not too surprising that such focused and targeted therapies are not proving effective in Phase I or Phase II clinical trials for ARMS. [45] [46] [47] [48] It is conceivable that the loss of a single gene through these targeted and focused therapies could easily be compensated through the changes in nearly 100 other affected genes, thereby negating the effects of the treatment.
Work in the past few years identified multiple aspects of the invasive process as potential targets for therapy development. Along these lines we propose developing a multi-faceted regimen that targets several of these processes, targets that include tumorpromoting genes we found to be the most highly upregulated in our study (Table 1) . These processes include cytoskeletal remodeling, which is mediated in part by the intracellular signaling cysteine proteases calpains 49 (Capn6 is upregulated 33-fold in our study), cellular adhesion mediated by such molecules as mesothelin 50 (Msln is upregulated 21-fold in our study) and matrix metalloproteases, 51 in particular the Adamts family of proteases 52 (Adamts1 is upregulated 22-fold and Adamts5 is upregulated 7.5-fold in our study). A regimen that minimally targets these three processes would inhibit the necessary biological events required for invasion and metastasis. Alternatively, inhibiting one of these events (for example, matrix metalloproteases) could serve as one arm of a novel multi-faceted regimen for the treatment of ARMS, a regiment that also targets other ARMS molecular processes such as inhibiting phosphorylation of PAX3-FOXO1, 17 attacking aneuploid cells and preventing enhanced proliferation. Pax3-FOXO1 promotes whereas Pax3 inhibits primary myoblast invasive capacity. Invasive capacity was determined using stably transduced proliferating primary myoblasts (empty vector (white bars), PAX3 (gray bars) or PAX3-FOXO1 (black bars)) using the BD Biocoat Tumor Invasion System (Becton Dickinson, Franklin Lakes, NJ, USA). About 50 000 cells suspended in proliferation media were added to the insert plate with proliferation media supplemented with hepatocyte growth factor (hHGF, PeproTech, Rocky Hill, NJ, USA) at 25 ng/ml being used as the chemoattractant. After 24 h of incubation, the insert system was transferred to a second 24-well plate containing calcein AM in Hank's balanced salt solution (HBSS) that enabled the fluorescent labeling of cells that invaded through the Matrigel matrix. Fluorescence of the invaded cells was read at wavelengths of 494/517 (Ex/Em) using a Synergy HT multi-well microplate reader (BioTek, Winooski, VT, USA). P-values were computed using non-parametric one-way ANOVA analysis comparing all samples with results obtained, with cells expressing empty vector (*P = 0.03, **P = 0.001). ANOVA, analysis of variance.
